One promising joining method for NiTi-SMA (shape memory alloy)-components is laser welding. This joining technology bears huge potential regarding process automation and mechanical properties as well as durability, especially within the field of smalland medium-sized actuators. However, there is still need for research due to unsolved issues influencing the microstructure and thus effecting mechanical properties as well as SMA-characteristics of these joints. Therefore, the purpose of this paper is the evaluation of quality parameters of NiTi-NiTi-wire-joints. For this purpose, design of experiments with a fractional factorial design is used for the investigation, because of its high potential to decrease experimental effort. This paper provides a basis for future research in the field of SMA-actuators and joining.
Introduction
 NiTi-SMA (shape memory alloys)-wires are currently used in a wide variety of actuator applications [1] . In many of these applications, proper joining methods are gaining increasing importance due to production process suitability, fatigue strength as well as product requirements like miniaturization or weight reduction. In previous works, it is already shown that laser welding is a suitable joining method for NiTi-SMA [2] [3] [4] [5] . These investigations are mainly focused on metallographic examinations as well as on mechanical and functional properties of welded NiTi-NiTi-joints. Thus, no information about NiTi-NiTi-joints for actuator applications is available. Therefore, the purpose of this paper is the evaluation of factors for the laser welding process of NiTi-NiTi-joints by using design of experiments. The paper is organized as follows: Section 2 gives an overview on joining technologies for SMA; Section 3 focuses on laser welding; Section 4 discusses the experimental design; Section 5 presents the results; finally, Section 6 draws a conclusion and provides an outlook.
Joining of NiTi-SMAs
The joining of NiTi-SMAs is usually done by adhesive bonding or form locked connections, which include, e.g., crimping, screwing or adhesive bonding. Fig. 1 shows an overview of different joining technologies and their combinations. Most of these joining technologies are only suitable for a limited range of technical applications and increase complexity. Besides that, requirements regarding safety and long-term durability of NiTi-SMA-components are often insufficiently fulfilled. Due to miniaturization of SMA-components in many technical areas, a promising joining method for SMA-components, from a design point of view, is substance-to-substance bonds. process automation and high mechanical properties as well as durability, especially within the field of smalland medium-sized actuators. In consequence, this technology can lead the way to cut costs significantly and achieve high reliability of the joint. Previous researches on welded NiTi-NiTi-joints focus primarily on medical and micro technology applications [4, 7, 8] and do not consider dimensions suitable for actuator applications. In addition, a review of existing research shows that, besides investigation regarding automation, embrittlement is still an insufficiently solved issue, influencing the microstructure and thus effecting mechanical properties as well as SMA-characteristics. The manufacture of the NiTi-NiTi-joints is made by PSL Technik GmbH in Oberhausen, Germany. For this process, a specially designed solid-state laser system with an average power of 150 W based on Nd:YAG laser technology is developed and used. A laser beam is used to melt the surface of a specimen (Fig. 2) . Major advantages of the Nd:YAG laser technology is high precision welding especially for thin materials [9] .
Laser Welding for Joining NiTi-SMA
Due to technical modifications, the adjustment range of the spot size and pulse duration are optimized for minimization of the heat affected zone and the melting zone. Regarding the sensitivity to temperature of SMA-materials, these parameters are of great importance. A minimization of the influences on mechanical and functional SMA-properties due to laser shots should be achieved.
Material and Methods

Material
Due to their practical importance for actuator applications, only SMA-wires are considered. A Nd:YAG laser is used for laser welding. For all experiments, Memry NiTi-alloy N or B with 0.4 mm diameter is used. To determine strain and tensile 
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strength, a tensile testing machine type T300 which meets the standard DIN EN ISO 7500-1:2014-05 is used.
Experiment Design
DoE (design of experiments) is used to investigate and evaluate the quality of laser welded NiTi-NiTi-joints regarding the identification of significant factors and interactions between factors and response. DoE offers a systematical approach with various tools based on statistics, in which several factors are simultaneously changed. Fig. 3 illustrates an example of a 2 3-1 fractional factorial design, which is best for factor screening. This design allows drastically reducing sample size and is best for identifying important factors. Nevertheless, it can imply significant risk since factors are mixed [10] . A broad variety of designs exists like full factorial design, Taguchi design for stable process or designs, and central composite design for non-linear interrelations.
Experimental Procedure
Ref. [1] is analyzed to gather initial situation about welded joining of NiTi-SMA and is discussed with industry experts.
After this, response and factors are selected. For the response, the tensile strength and strain represents important responses, which are analyzed. Therefore, the experiments focus primarily on mechanical properties of welded NiTi-SMA-joining and the influence on NiTi-SMA-characteristics. Based on this, a fractional factorial design is used.
Selection of investigated factors is based on a factor-response-matrix. In this matrix, every factor from a previous given brainstorming is listed and criteria are used for evaluation. Criteria to evaluate the importance for welding process are:  influence on response (tensile strength and strain);  modification effort;  reproducibility;  cost of changing.
Based on this, the investigated factors are alloy composition, duration of heat treatment, duration of pulse, laser power, type of separating process, temperature of heat treatment, number of welding spots, type of chemical surface pretreatment and spot diameter. In Table 1 , all factors and the investigated levels are listed.
A 2 8-2 fractional factorial design with resolution V is used for the investigation. The major advantage of this experimental design is that all factors and two-factor interactions are determinable, with reduced sample size. Due to this, the investigation covers 64 samples. In preparation of the experiments, a trail run is performed to ensure the feasibility of experiments. It becomes obvious that bending of the NiTi-wires-endings is an important issue for the welding process as well as surface roughness which has an influence on the response. Besides that, the reproducibility of a manual welding process proved to be sufficient.
Results
The evaluation of the experiments is supported by the statistic software JMP 10. Prior to analyzing the experiments, the gathered data are checked for plausibility. The knowledge-based and statistical-based control, using box-plot, shows one abnormality, which is excluded. Abnormalities are response values outside average plus or minus two and a half times the standard deviation (Fig. 4) . tensile strength, the tensile strength of the welded NiTi-wires is reduced by almost half. Noteworthy is that there are results, which have almost the tensile strength of the unwelded NiTi-wires. Possible reasons for this are analyzed in the following parts. By using effect-screening with a level of significance of 95%, the following factors and factor interactions of the second order are considered to be significant for the response tensile strength:
Response: Tensile Strength
 number of welding spots;  alloy composition;  duration of heat treatment and duration of pulse;  duration of pulse and separating process;  alloy composition and type of chemical surface cleanliness;  duration of heat treatment and type of chemical surface cleanliness.
Interestingly enough, no factors concerning the welding process are significant, although NiTi-wires are very energy-sensitive. One reason for this may be the high precision and very low energy input of this welding process. Probably other welding processes have a greater influence on the response. Furthermore, one must consider that tensile strength of welded NiT-NiTi-joints for other diameter can be influenced by other factors.
Response: Strain
The strain of laser welded NiTi-NiTi-wire-joints varies from 0.68% up to 9.33%. The lower quartile is at 1.02, and the upper quartile is at 5.36. Regarding the results for the response, one must consider that the NiTi-wires are in the martensite phase, and therefore, the strain cannot be compared with the typical reversible strain of this material.
By using effect-screening with a level of significance of 95%, the following factors and factor interactions of the second order are considered to be significant for the response strain:
 number of welding spots;  temperature of heat treatment;  duration of heat treatment;  temperature of heat treatment and number of welding spots;  duration of heat treatment and duration of pulse;  temperature of heat treatment and duration of heat treatment;  duration of pulse and type of chemical surface cleanliness;  duration of heat treatment and number of welding spots;  duration of heat treatment and separating process.
Similar to results of tensile strength, the number of welding points has the largest influence on the response. After this, factors concerning heat treatment are relevant. This makes sense since heat treatment affects the crystal structure of the material, and thus reduces dislocations and hardening. Fig. 5 illustrates the interactions between temperature and duration of heat treatment. Higher temperature hand in hand with longer heat treatment increases the possible strain. Thus, it is interesting to investigate from what temperature and duration the mechanical properties decreases again or if this is already the optimum for welded NiTi-NiTi-joints. In contrast to the response, tensile strength two-factor interactions are of minor importance.
Response: Tensile Strength and Strain
The relationship illustrated between tensile strength and strain in Fig. 6 can be proved mathematically by a non-linear regression analysis. The result is a polynomial of third degree with a coefficient of determination of almost 80%, which verifies the strong relationship.
The optima for both responses can be found in Table  2 . This optima has a tensile strength of 855 N·mm -2 and a strain of 9.34%. This result indicates that the tensile strength value depends on the material composition whereas the strain can be influenced significantly by the heat treatment. As a conclusion for NiTi-NiTi welding procedures, it can be said that the material composition has to be selected first to obtain optimal mechanical properties. Thereafter, the selection of parameter for heat treatment and thus setting of functional properties has to follow.
Conclusions and Outlook
Even though welding has a negative influence on mechanical properties of NiTi-SMA-joining, it is possible to use signification factors (number of welding spots, alloy composition, temperature of heat treatment and duration of heat treatment) to improve mechanical properties of the NiTi-SMA-joining. With the identified factors, it is possible to adjust the properties to requirements in certain range. This makes it possible to expand the range of application for SMA. This paper focuses on laser-welded NiTi-NiTi-joints, which can be seen as a starting point for further research. Further researches should cover dissimilar material joining. In this context, for the integration of NiTi-components in a mechanical system or the casing, a welded joint of Al-NiTi is an important requirement for large scale production of shape memory actuators. Additionally, investigating electrical contacting of shape memory actuators namely via combination of Cu-NiTi can increase the number of possible applications.
